We discuss the implications of the spin-statistics connection and of the symmetrization postulate on the quantum states of three identical nuclei arranged in rigid symmetrical molecules. We show that in the case of three identical nuclei a whole class of rotational states are forbidden also by the symmetrization postulate, and not only by the spin-statistics connection. We then present the experiments we are performing on NHs, to search for the possible existence of these states forbidden by the symmetrization postulate, and on CC>2, to improve the sensitivity for detection of exchange-antisymmetric states of spin-0 nuclei. Preliminary results of the latter experiment indicate that violations of the statistics for oxygen nuclei, if present, are smaller than 10~n, with an improvement of more than two orders of magnitude with respect to previous experiments.
INTRODUCTION
The principle of the latest experiments on systems of identical particles have already been discussed by G. Tino in his contribution to this volume (see also [1] ). Here we want to present in more detail the principle of an experiment to be performed on systems composed by three particles, which show new features with respect to the two-particles systems mainly considered up to now. Since we are interested in experiments to look for possible violations of the basic postulates in the quantum mechanical description of identical particles, namely the symmetrization postulate (SP) and the spin-statistics connection (SSC), we consider a prototypical system that can also be found in nature, which is composed of three identical nuclei in a plane molecule with D 3 symmetry. Due to the increased dimension of the permutation group with respect to the two-particles case, some classes of rotational states of the three nuclei molecule can be built without a defined symmetry under permutation of particles, thereby forbidden by the SP. Although none of such states have been observed so far in real molecules, a high-sensitivity spectroscopic investigation of simple molecules would allow to look for possible tiny violations of the SP or, in other words, to look for particles which are not bosons nor fermions. We note that in the frame of ordinary quantum mechanics this issue is even more general than the search for half-integer spin particles which behave like bosons, or vice-versa. An analogous experimental test, to be performed on molecules with an even larger number of identical nuclei, has been proposed in [1] . In this contribution we also report the present state of the experiments running in Firenze to look for violations of both the SSC and the SP in molecules with two and three identical nuclei.
UNSYMMETRICAL STATES IN THREE-NUCLEI MOLECULES
The concept of indistinguishability of identical particles is formally expressed by requiring no change to any quantum observables under permutation of the particles [2] . In general, given a TV-particles system, TV! permutation operators P forming the permutation group SN can be defined. The operators A corresponding to observables are therefore permutation-invariant
and since the evolution operator U(t) is related to the Hamiltonian of the system H, which is a physical observable, the above condition is fulfilled at any instant of time. An important consequence of these relations is the super-selection rule: the Hilbert space H can be written as a direct sum of orthogonal subspaces, each one invariant under the permutation group, the orthogonality being preserved along the evolution of the system. For TV = 2 the Hilbert space can be decomposed exactly as T~L = % + ® %_, which are respectively the symmetric and the antisymmetric subspaces. For TV > 2 this is no longer true, and we have u = n+ e U-e n( e n' 2 e -• •,
where Wj are permutation-invariant subspaces. Contrarily to H + and %_, which have a definite symmetry and are one-dimensional representations of the permutation group, the subspaces Hj do not posses a definite symmetry and have dimension greater that one. The SP, requiring physical states to be either symmetric or antisymmetric, seems therefore to be a natural assumption, due to the particular properties of H + and H-. Nevertheless, there is no stringent reason to exclude a priori the possibility of physical states not obeying SP, since their presence do not violate any basic principle of quantum mechanics. The only difference to take into account is the lack of a correspondence between physical states and vectors, since the subspaces H'j have dimension greater that one and do not admit a complete set of mutually commutating physical observables.
In the following we work out in more detail the permutation properties for the special case N=3 [3] . The symmetrization group 63 is formed by the 3! cyclic permutations of the labels (1, 2, 3), belonging to three distinct classes
This group is isomorphic to the dihedral group D 3 , generated by the symmetry transformation shown in Figure 1 . In fact, reflection about each axis (a, 6, c) is equivalent to a two label permutation P(ij), while rotations around the center by angles 27T/3 and -2?r/3, lead to cyclic permutation of all the three labels. The visualization of the group 5 3 by its association to the geometrical symmetries of D 3 is very helpful since we are interested just in this realization on a physical system. The matrix representation of the group £3 can be reduced, since it must contain a number of irreducible representations equal to the number of distinct classes. From general results [3] we know that these representations are the symmetric one, the antisymmetric one, and a 2-dimensional representation occurring two times. It is possible to find two pairs of vectors which generate such 2-dimensional irreducible representations of W, by diagonalizing the permutation operators -P(i,2,3) and P(s,2,i) [4] . We should note that the eigenvalues of these permutations on the generators of T-L' are of the form (4) Moreover, the eigenvalues for the pair of generators of each of the two irreducible subspaces T-L 1 are always different (A + and A_) and therefore the sign of the argument of the exponential cannot be an observable of the system.
We want now to consider the prototypical molecule, composed by three identical nuclei at the vertices of an equilater triangle. To simplify the discussion, we consider only the ground electronic and vibrational states of the molecule, which we suppose to be of species E, and therefore completely symmetric under any permutation of the nuclei. In the frame of the Born-Oppenheimer approximation the overall symmetry under permutation is therefore dictated by the nuclear rotational and spin states. The generic state belongs to the direct product of the Hilbert space for the nuclear coordinates and of that for the nuclear spin U^US^UR.
Each Hilbert space is 6-dimensional, with the general properties discussed above, the quantum labels for the states being respectively the mean coordinates and the spin components for the three nuclei |xi,x 2 ,x 3 ), \S zl ,S z2 ,S z3 ).
The first case we want to consider is that of spin-0 nuclei: only one spin state can be defined, which clearly belongs to the symmetric subspace, and therefore the rotational states alone determine the overall symmetry of the molecular states. As is well known, the rotational states can be described in terms of eigenfunctions of angular momenta; for a symmetric molecule like the one we are considering they are a somewhat complicated superposition of eigenfunctions of the total angular momentum J and of its projection K along the threefold symmetry axis perpendicular to the plane of the molecule. The eigenvalues of the energy have the form
where B and C are the rotational energy constants, and K can assume the values -J, -J + 1, • • •, J. To determine the symmetry of the rotational states under permutation of particles, we want to compare such permutations to particular rotations of the molecule. Indeed, as we already noted, the permutation group is isomorphic to the D 3 group, to which the symmetry operations of our molecule belong. Moreover a cyclic permutation of the nuclear coordinates corresponds to a physical rotation of the molecule. In particular, the cyclic permutations of the three labels are equivalent to rotations in the plane of the molecules by angles #z=e27r/3, with e=±l, while the exchanges are equivalent to rotations about the twofold axes of symmetry in the plane by 0=e?r. The general transformation rule of the rotational states under a rotation by an angle au a is
which must be compared with the transformation rule under the corresponding permutation, i. e. to the eigenvalues of the permutation. For the first kind of rotations, only the component K of the angular momentum must be considered, and by comparing Eqs. (4) and (8) it appears that the rotational states with K=3q, with q integer, belong to / H±, while the ones with K=3q±l necessarily belong to H 1 . In the case of rotations about the symmetry axes in the plane, only for the case of K=0 the angular momentum along such axes is a constant of the motion, and we obtain that odd-and even-J states belong to H-and T~L+ respectively. In conclusion, in this kind of molecules it is possible to define not only exchange-antisymmetric states, like in diatomic molecules, but also completely unsymmetrized states, which would be allowed only in presence of a violation of the SP. We note that for the states in T-L' it is not possible to define the sign of the angular momentum K, due the multidimensionality of the Hilbert subspace (Eq. (4)), and in fact such a sign cannot be measured as long as the molecule is symmetric, since the pairs of states with K pointing in opposite direction are degenerate (Eq. (7)). The discussion can be extended to spin-1/2 nuclei: two doublet states and one quartet can be defined, with total spin 7=1/2 and 7=3/2 respectively. The doublets are easily assigned to just one of the unsymmetric 2-dimensional Hilbert subspaces H' s , while the quartet is symmetric. Clearly it is not possible to build up completely antisymmetric states with three spin components, each having only two values; for such purpose a larger individual spin would be needed (5 >1). The overall symmetry of rotational and spin states can be evaluated by using the general rules for decomposition of the direct product into irreducible representations [3] . As a result, it is always possible to find the proper combination of unsymmetrical rotational and spin wavefunctions to build up antisymmetrical total states, as required by the SP and the SSC. Therefore, the states with K=3q±l are no longer forbidden, at least if the hyperfine structure of the states, due to the coupling of 7 and J, is not resolved. On the contrary, the states with 7^=0, J even, are a superposition of symmetric and unsymmetric states, and are therefore forbidden by both the SSC and the SP. These results are summarized in Table 1 .
It is possible to extend further these arguments to molecules containing additional nonidentical nuclei in or out of the plane (point groups D^h and C 3v ), whose rotational states can be assigned in an analogous way to the various Hilbert sub- -spaces. The main difference is found for nonplanar molecules, which in general have twice the number of states of their planar counterparts, when considering K=Q rotations. These rotations, by angles 0=e?r, are no longer equivalent to permutations of two identical nuclei, as it was for a planar molecule, since also the additional nuclei out of the plane has rotated. On the other hand, the equivalence can be reestablished by considering the combination of such a rotation with an inversion of the coordinates of all the nuclei. For more details see [4, 5] .
EXPERIMENTAL TESTS OF THE SP AND THE SSC
Following the discussion of the previous section, it is possible to think of experiments searching possible violations of the SSC and the SP. The principle of the experiment would be, as usual, to probe electromagnetic transitions looking for molecules possessing the forbidden rotational states. If high-sensitivity spectroscopic techniques are used, tiny violations not observed so far can possibly be detected. In order to test the validity of the SP, i.e. to look for the existence of unsymmetrical three-particle states, two particular molecules appear interesting. Specifically, in the case of spin-0 nuclei the SOa molecule represents the prototypical plane system studied above, with an entire class of rotational states (K=3q±l) which belong to H r . The nonplanar NH 3 molecule is instead composed of three spin-1/2 nuclei with the proper symmetry, and therefore some of the rotational states are forbidden by both the SSC and SP (if the hyperfine structure is not resolved, part of the K=0 states can belong only to H+ or H'). Both these molecules have strong vibrational absorption bands in the infrared (see for example [4] ), which can be probed with high sensitivity using low-noise semiconductor laser sources. We are presently devising in Firenze an experiment to look for possible small violations of the SP on both these systems. We plan to start the investigation from NH 3 , which is a chemically stable molecule with very strong absorption bands studied extensively in the past, for which a detailed spectral database is present. We note that such an experiment would represent a test of the SP and the SSC for protons, which could be compared with the recent theoretical predictions [6] .
As for the experimental tests of the SSC, a linear molecule with only two identical nuclei is certainly preferred, because of the much simpler rotational spectrum, that implies also an increased statistical weight of the single rotational states. To significantly improve the sensitivity achieved in a recent experiment performed in our group, using a diode laser resonant with the 2 /mi band of CO 2 [7] , we decided to investigate transitions in the fundamental vibrational band of this molecule, which is about 2000 times stronger than the previous one. For this purpose, we developed a new coherent source tunable around the band center at 4.25 //m [8] . Its peculiar features have recently allowed to observe sub-Doppler molecular spectra [9] , and a new acquisition routine has been especially developed to co-add spectra over long periods of time. Preliminary results for a transition starting from the state with J=25 put an upper limit to the SSC violation at 10~n, which is about 200 times lower than our previous test. In Figure 2 the experimental recording is shown. It was obtained using an absorption pathlength of 112 m, a gas pressure of 2 Torr and an acquisition time of 2 hours. This experiment provides the highest sensitivity ever reached for detecting exchange-antisymmetric states for two spin-0 nuclei and confirms the validity of the SSC.
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